Here, we have identified factors involved in regulation of crossover outcomes during gene conversion in mitotic cells. Using an HO endonuclease induced ectopic homologous recombination assay we find two kinetically distinct DSB repair processes, one leading primarily to noncrossovers and one to both crossovers and noncrossovers. Sgs1 and Srs2 are both involved in the suppression of crossing-over in budding yeast, but srs2⌬ affects homologous recombination in several ways not seen for sgs1⌬, including a reduction in recombination efficiency and the elimination of the kinetic difference between crossovers and noncrossovers. The data support a model in which that Sgs1 and Top3 remove double Holliday junction (HJ) intermediates from a crossover-producing repair pathway whereas Srs2 specifically promotes a recombination pathway leading to noncrossovers, apparently by regulating Rad51 binding to recombination intermediates.
Results

Deletion of SGS1 or SRS2 Helicases Increases the Frequency of Crossover
The kinetics and frequency of crossover outcomes in mitotic cells were studied in an interchromosomal recombination system ( Figure 1A) . A DSB within a 2 kb MATa sequence, inserted in chromosome V, is created by a galactose-inducible HO endonuclease. The break is repaired by homologous recombination using a MATa-inc sequence on chromosome III as a donor . The single base-pair mutation in MATa-inc prevents cleavage by HO. Repair of the DSB is by RAD51-dependent gene conversion, which can occur either with or without an accompanying crossover; these outcomes can be distinguished by the sizes of restriction fragments separated on agarose gels (Fig- ysis of DNA from a large population of cells was confirmed by Southern blot analysis of DNA extracted from Ͼ100 individual colonies which arose after plating single the DNA damage checkpoint and although about 30% of the srs2⌬ cells repair the break as assayed by Southern cells on galactose-containing agar plates.
We then tested the effect of deleting a number of blots, only 2%-3% survive because of a failure to recover from checkpoint-mediated arrest (Vaze et al., genes implicated in DNA repair and recombination, including rad1⌬, mus81 ⌬, mlh1⌬, msh2⌬, rad59⌬, sgs1⌬, 2002). The difference between the efficiency of repair and viability after DSB damage was seen only in srs2⌬. and srs2⌬. The efficiency of DSB repair and viability of all tested mutants was comparable to wild-type, except A severe inhibition of ectopic recombination by srs2⌬ was also reported by Aylon et al. (2003) . sgs1⌬, srs2⌬, and rad59⌬ ( Figure 1C and data not shown). Repair efficiency and viability in sgs1⌬ and Deletions of SGS1 and SRS2 caused significant increases in the proportion of gene conversions associrad59⌬ was about 70%-80% of wild-type values. As we have shown previously, Srs2 is involved in recovery from ated with crossing-over to 11.7 Ϯ 2.4% or 16.6 Ϯ 2.7%, among cells that repaired the break (Figure 2) . Based on at least 10 independent experiments, the differences in crossover frequency are statistically significant. Sin-SRS2, there is a failure to carry out ectopic recombination leading to noncrossovers. gle-colony analysis among cells that repaired the DSB revealed the same levels of crossover in the absence of To test if Srs2 is involved in crossover control in allelic recombination where the extent of homologous sehelicases. Importantly, the results for srs2⌬ were similar among the rare survivors, where 7 of 40 independent quences is essentially unlimited, we used a diploid strain that has the MATa locus on one chromosome III, colonies contained crossovers (17.5%), compared to 17% as determined from the Southern blot in Figure 1B .
MAT␣-inc on the other, and is heterozygous for the distal markers THR4/thr4 (Figure 3 ). In addition, both HML All crossovers resulted in reciprocal translocations and do not arise from break-induced replication (BIR), since and HMR donor sequences on the HO-cut chromosome were replaced by ADE1 (Malkova et al., 1996) . We in-BIR would lead to death due to loss of essential genes distal to the DSB on chromosome V. duced the HO break by plating cells on YEPGal plates and determined crossover frequency by scoring the The increase in crossing-over in sgs1⌬ cells occurs without a significant reduction in the overall efficiency number of Thr ϩ /Thr Ϫ sectored colonies (Figure 3 ). The frequency of crossovers was 11.6% in wild-type cells of repair; but in the case of srs2⌬, the increase in crossovers among completed recombination events is acand 26.8% in srs2⌬ cells. Correcting for an equal number of mitoses where crossovers do not result in loss of companied by a marked reduction in repair efficiency (Figures 2A-2B ). This observation suggests that in the heterozygosity total crossovers would be 23.2% and 53.6%, respectively. Our previous studies have shown absence of SGS1, cells either change the pathway of repair or change the proportion of double HJ that are that these sectored colonies arise almost exclusively from reciprocal recombination events and not from BIR resolved as crossovers, whereas in the absence of (Figure 3) . conversions without crossing-over appear about 1 hr before crossovers; moreover, the appearance of crossWe also surveyed other genes that might affect crossing-over. Crossing-over was not affected by deleting overs depended on meiosis-specific genes controlled by NDT80. Here, studying ectopic mitotic DSB repair, RAD59 (data not shown), which plays roles in both RAD51-dependent and -independent recombination we also find evidence for two kinetically distinct pathways of repair, producing noncrossovers and cross-(Bai and Symington, 1996; Ira and Haber, 2002; Sugawara et al., 2000). Among genes whose absence causes overs in the absence of meiosis-specific genes. As shown in Figure 4 , the appearance of crossover proda marked decrease in meiotic crossing-over, but not in total gene conversion, are the mismatch repair gene, ucts occurs about 30 min after gene conversions without exchange. We substantiated this finding by analyzing MLH1 and the exonuclease EXO1 (Hunter and Borts, 1997; Khazanehdari and Borts, 2000; Tsubouchi and ectopic gene conversion in a strain in which the donor sequence was MAT␣-inc rather than MATa-inc, so that Ogawa, 2000), which are also expressed in mitotic cells. Deletion of either MLH1 or EXO1 does not change the gene conversion restriction fragments with and without exchange have different sizes from the MATa locus that level of crossover in our assay. The deletion of another mismatch repair gene, MSH2, also had no effect (data is cleaved by HO. Again, noncrossover products appear before crossovers (data not shown). not shown).
A family of RAD1-related endonucleases, including The kinetics of appearance of crossovers and non- Coexpression of HO and RAD51 allowed recombina-5% to 17% in srs2⌬ reflects a failure to complete noncrossover gene conversion whereas the pathway leadtion to be completed in the sgs1⌬ srs2⌬ rad51⌬ (GAL::RAD51) triple mutant. Both the efficiency and kiing to crossovers remains unaffected (Figure 4 ). In four different experiments, we calculated the level of crossnetics of repair were comparable to srs2⌬ (GAL::RAD51) alone, indicating that these helicases are not absolutely overs at the beginning of repair (3-4 hr) and at the end of repair (8 hr). We observed a 1.79 Ϯ 0.03-fold increase necessary for DSB repair. The level of crossing-over in the triple mutant was slightly higher (36 Ϯ 4%) than in in crossover frequency relative to noncrossovers for wild-type cells and a 1.65 Ϯ 0.05-fold increase for sgs1⌬; srs2⌬ cells (GAL::RAD51) (32 Ϯ 5%), but the difference was not statistically significant ( Figure 2B ). We propose however, in srs2⌬ the frequency of crossover was unchanged (the ratio of crossover frequency at both the that the lack of increase in crossovers in srs2⌬ sgs1⌬ compared to srs2⌬ is due to the negative effect of beginning and the end of repair was 1.02 Ϯ 0.08).
RAD51 overexpression on crossovers observed in WT and sgs1⌬ cells. found that overexpression of SGS1 suppressed the senable to test DSB repair and crossing-over in the triple mutant sgs1⌬ srs2⌬ rad51⌬ but under conditions when sitivity of srs2⌬ to DNA damage. Here, we show that overexpressing SGS1 suppresses the high level of RAD51, essential for recombination, was under the control of a galactose-inducible promoter. We note that cell crossover in srs2⌬ cells (Figure 5 ), increases recombination efficiency from 30% to 60%, and increases viability death due to expression of RAD51 (in the absence of expressing HO) does not appear for several cell generafrom 2%-3% to 32%. In one respect, overexpressing SGS1 did not suppress srs2⌬: the appearance of crosstions. Cells form microcolonies, often with Ͼ20 cells, and most often arrest in the G2/M phase of the cell cycle overs and noncrossovers continued to be coincident as shown for srs2⌬ in Figure 4 (data not shown). Over-(data not shown).
First, we tested repair efficiency and crossover level expressing SGS1 had no effect on the early appearance of noncrossovers in wild-type or sgs1⌬ cells (data not in the double mutant sgs1⌬ rad51⌬ GAL::RAD51 and srs2⌬ rad51⌬ GAL::RAD51, and the single mutant shown). We also tested whether overexpressing SRS2 could rad51⌬ GAL::RAD51 strains. Overexpression of RAD51 slightly decreased the level of crossover in sgs1⌬ and suppress the high crossover phenotype of sgs1⌬ cells. Indeed, using a galactose-inducible SRS2 gene carried wild-type cells, with no reduction in repair efficiency. In srs2⌬ cells, there was a further decrease in product on a multicopy plasmid, overexpression of SRS2 decreased crossovers by half in sgs1⌬ ( Figure 5 ). Overformation from 31% with wild-type levels of Rad51 protein to 12 Ϯ 4% when Rad51 was overexpressed and a expressing Srs2 also decreased the level of product by half in wild-type cells and almost completely eliminated dramatic increase in crossover frequency-from 16.6 Ϯ 
(Figure 6). Deleting SGS1 did not have any impact on pathways, one of which yields a high proportion of crossovers whereas the other produces gene converrecombination when homology was Ն300 bp (data not sions with few if any crossovers. The two likely competshown). Apparently Sgs1p works in the RAD51-depen-
ing mechanisms are the double Holliday junction model dent pathway, since a rad59⌬ sgs1⌬ double mutant (Szostak et al., 1983 ) and some variant of SDSA (reshows a higher level of repair (10%) than a rad59⌬ single viewed in Pâ ques and Haber, 1999). mutant (2%), whereas the rad51⌬ sgs1⌬ double mutant
The strong evidence for the existence of two distinct has the same level of repair (50%) as either single mumechanisms is that noncrossovers and crossovers do tant. We suggest that Sgs1-Top3 is able to dismantle not appear with the same kinetics, as would be expected short Rad51-mediated strand invasion intermediates. if they arose from alternative resolution of a common intermediate. Moreover, the balance between these two Srs2 Facilitates Rad51-Independent pathways can be altered by deletion or overexpression Recombination Probably by Removal of Rad51 of SRS2. srs2⌬ reduces the noncrossover pathway of In contrast to sgs1⌬, the absence of the Srs2 helicase ectopic recombination by 3-fold in RAD51 strains and dramatically reduces DSB repair when the extent of hoby 5-fold when RAD51 is overexpressed. However, the mology is short (Ira and Haber, 2002) . Recently, it was absolute level of crossing-over, normalized to the numshown that Srs2 is able to remove Rad51 from ssDNA ber of cells that induced the DSB, remains constant. in vitro (Krejci et al., 2003; Veaute et al., 2003) . One way in Also srs2⌬ eliminates the kinetic difference in the apwhich srs2⌬ cells might impair the RAD51-independent pearance of crossovers and noncrossovers. Conversely, pathway would be by failing to remove Rad51 from overexpressing SRS2 almost completely eliminates the ssDNA, which has an inhibitory effect on the alternative crossover product. Together these results suggest that pathway. We therefore tested the efficiency of repair in Srs2 is important in completing the noncrossover rad51⌬ srs2⌬ cells. The recombination frequency was (SDSA) pathway in a way that is different from what increased from 6% (srs2⌬) to over 50% (rad51⌬ srs2⌬) occurs in the crossover pathway. In SDSA, the invading (Figure 6 ). This result shows that the defect in srs2⌬ strand has to be displaced from the donor in order to cells is dependent on the presence of Rad51. This is repair the break, whereas in the double-HJ model, disconsistent with the proposal that a helicase is able to placement of newly synthesized DNA is not necessary. remove Rad51 from ssDNA ends, allowing an alternative We suggest that Srs2 facilitates strand displacement in process to repair the DSB. the noncrossover SDSA pathway (Figure 7) . In allelic recombination, srs2⌬ causes the same in- by a lack of processivity of DNA replication at the two In many assays of DNA metabolism, srs2⌬ and sgs1⌬ ends of the DSB, resulting in single-strand annealing seem to have distinct phenotypes; yet our study has between fortuitous direct-repeated sequences within shown that overexpressed SGS1 substitutes for srs2⌬ the region being copied. It is possible that the effect we and vice versa. SGS1 overexpression suppresses three see in srs2⌬ on SDSA could arise from a similar defect, distinct aspects of recombination: the reduced efficiency of DSB repair, the increased crossovers, and the but our substrates do not have the internally repeated Table S1 somal 
